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Subunit assemblyroton pumping ATPases (V-ATPases) are diverse multi-subunit proton pumps.
They are formed from membrane Vo and catalytic V1 sectors, whose subunits have cell-speciﬁc or ubiquitous
isoforms. Biochemical study of a unique V-ATPase is difﬁcult because ones with different isoforms are present
in the same cell. However, the properties of mouse isoforms can be studied using hybrid V-ATPases formed
from the isoforms and other yeast subunits. As shown previously, mouse subunit E isoform E1 (testis-speciﬁc)
or E2 (ubiquitous) can form active V-ATPases with other subunits of yeast, but E1/yeast hybrid V-ATPase is
defective in proton transport at 37 °C (Sun-Wada, G.-H., Imai-Senga, Y., Yamamoto, A., Murata, Y., Hirata, T.,
Wada, Y., and Futai, M., 2002, J. Biol. Chem. 277, 18098–18105). In this study, we have analyzed the properties
of E1/yeast hybrid V-ATPase to understand the role of the E subunit. The proton transport by the defective
hybrid ATPase was reversibly recovered when incubation temperature of vacuoles or cells was shifted to
30 °C. Corresponding to the reversible defect of the hybrid V-ATPase, the Vo subunit a epitope was exposed to
the corresponding antibody at 37 °C, but became inaccessible at 30 °C. However, the V1 sector was still
associated with Vo at 37 °C, as shown immunochemically. The control yeast V-ATPase was active at 37 °C, and
its epitope was not accessible to the antibody. Glucose depletion, known to dissociate V1 from Vo in yeast, had
only a slight effect on the hybrid at acidic pH. The domain between Lys26 and Val83 of E1, which contains
eight residues not conserved between E1 and E2, was responsible for the unique properties of the hybrid.
These results suggest that subunit E, especially its amino-terminal domain, plays a pertinent role in the
assembly of V-ATPase subunits in vacuolar membranes.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionVacuolar-type ATPase (V-ATPase) is similar to F-ATPase (ATP
synthase) in complex subunit organization, and the coupling between
ATPase catalysis and proton pumping through the rotation of subunits
(for reviews, see Refs. [1–5]). V-ATPase, an essential mammalian
membrane enzyme [6,7], pumps protons into the lumens of diverse
organelles such as vacuoles, lysosomes, endosomes, and secretory
granules [1–5]. The lumenal acidic pH or electrochemical proton
gradient thus formed is required for many biological processes
including endocytosis, exocytosis, fertilization, bone resorption, etc.
V-ATPase has thirteen different subunits (A, B, C, D, E, F, G, H, a, c,
c', c'', and d), A-H and a-d for the V1 and Vo sectors, respectively, withping ATPase; MES, 4-morpho-
unit E isoform; E2, ubiquitous
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ll rights reserved.deﬁned stoichiometries [1–5]. As expected from the diverse inside-
acidic compartments in mammals, isoforms are found in unique cells
or organelles. The V-ATPases with subunit a isoform a1, a2, or a3 are
found ubiquitously in different endomembrane organelles, whereas
those with a4 are speciﬁc to the plasma membranes of kidney
intercalated cells [8–11]. Similarly, two and three isoforms have been
identiﬁed for subunits E and C or G, respectively [12–15]. The mouse
E1 and E2 isoforms encoded by the Atp6e1 and Atp6e2 genes,
respectively, exhibit more than 70% amino acid identity to each
other [12]. E1 is speciﬁcally expressed in germ cells of testis, whereas
E2 is found ubiquitously, i. e., in all tissues examined. They reside in
the stalk domain connecting V1 and Vo [1–5,7], and function as a rotor
or stator during the subunit rotation [16]. It is of interest to determine
the roles of isoforms such as E1 in V-ATPase. However, the biochemical
properties of a speciﬁc V-ATPase are difﬁcult to establish because the
same cell contains ones with different isoforms.
The hybrid V-ATPases formed from a mammalian isoform and
other yeast subunits will be useful to study the properties of the
isoform. Mouse cDNA encoding the E, C, and G subunits, respectively,
can complement Saccharomyces cerevisiae mutants lacking the
Fig. 1. Acidic vacuolar compartments of Δvma4 cells expressing the mouse E1 isoform or yeast Vma4p. Log-phase yeast Δvma4 cells carrying cDNA for mouse E1 [Δvma4 (E1)
cells] or the yeast gene for Vma4p [Δvma4 (VMA4) cells] were incubated for 15 min at 30 °C or 37 °C in YPED medium buffered with Na2HPO4 (pH 7.5). The Δvma4 (E1) cells
incubated at 37 °C were also transferred to 30 °C medium for 15 min (37°→30°). Cells were stained with quinacrine, and ﬂuorescent images (right panel) are shown together
with Nomarski ones (left panel).
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could form an active hybrid V-ATPase with other yeast subunits. Thus,
a null mutant (Δvma4) harboring cDNA for the subunit E1 gene could
grow at 30 °C. However, the same cells could not grow at 37 °C,
although those with E2 cDNA could. The altered properties of theseFig. 2. Formation of an electrochemical proton gradient in vacuolar vesicles expressing the m
(E1) cells or Δvma4 (VMA4) cells were incubated at 30 °C or 37 °C for 5, 10, or 15 min in pH
(37 °C→30 °C). The formation of an electrochemical proton gradient was assayed at the
addition of ATP (open arrowhead) or NH4Cl (closed arrowhead).cells suggest the defective energy coupling between ATP hydrolysis
and proton transport of E1/yeast hybrid V-ATPase [12]. Further studies
of the hybrid V-ATPase may shed light on the role of the E subunit.
In this study, we observed that the mouse E1/yeast hybrid
V-ATPase showed a reversible change in energy coupling dependingouse E1/yeast hybrid V-ATPase. Vacuolar vesicles (10 μg protein) derived from Δvma4
7.5 buffer; or incubated at 37 °C for 15 min followed by a further 10 or 15 min at 30 °C
indicated temperatures. The incubation temperatures are indicated together with the
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Its subunit a epitope was exposed to the anti-subunit a antibody at
37 °C, although the V1 sector was not released from Vo. Upon shifting
of the medium to a lower temperature or to an acidic pH, the epitope
became inaccessible to the antibody, due to the in vivo reassembly of a
functional V-ATPase. The dissociation of V1 from yeast V-ATPase,
shown in glucose-depleted cells [17], was not observed with the
hybrid V-ATPase at acidic pH. The altered assembly properties of the
hybrid suggest that subunit E plays a pH-dependent role pertinent to
the assembly of the V1 and Vo sectors.
2. Experimental procedures
2.1. Construction of recombinant plasmids, cell growth, and staining
pKT10-N-myc-VMA4 and pKT10-N-myc-E1 carrying the entire open
reading frames for Vma4p (yeast E subunit) and mouse E1, respectively,
were constructed [12]. The DNA fragments of VMA4, Atp6e1 (E1 cDNA),
and Atp6e2 (E2 cDNA) obtained on polymerase chain reaction were
ligated into pKT10-N-myc to construct recombinant plasmids for
mouse/yeast chimeric E genes. The recombinant plasmids were
transformed into S. cerevisiae Δvma4 strain RH403 (MATα, Δvma4:
TRP1, leu2-Δ1, ura3-52, trp1-Δ63, his3-Δ200, lys2-801, ade2-101) [12].
Yeast cells were grown to the middle of the logarithmic phase
(∼107 cells/ml), and then subjected to further studies. YEPD (yeast
extract, peptone, dextrose) medium or SD (synthetic dextrose)
medium was buffered to pH 5.0 or 7.5 with 50 mM succinate and/or
50 mM K2HPO4 [18]. Other procedures for yeast studies were
described previously [19].
2.2. Preparation of vacuolar membrane vesicles and measurement of
their activities
Δvma4 cells expressing different subunit Es (Vma4p, E1, or
E1/VMA4 chimera) were converted into spheroplasts with zymolyase
100 T (Seikagaku Kogyo) in Medium I (YEP medium containing 0.1 M
MES-Tris, pH 7.5, 2% glucose, 0.7 M sorbitol and 2 mM dithiothreitol).
The spheroplasts were washed with Medium II (YEP medium
containing 0.8 M sorbitol and 2% glucose), and then incubated at
30 °C for 20 min. They were then disrupted with a Dounce
homogenizer, followed by preparation of vacuolar vesicles using Ficoll
density gradient centrifugation [20].
The formation of an electrochemical proton gradient in the vesicles
(10 μg protein/1.5 ml assay solution) was examined at 30 °C or 37 °C in
10 mM MES-Tris, pH 6.9, containing 25 mM KCl, 5 mM MgCl2, and
5 μMquinacrine [21]. Proton transport was initiated by the addition of
0.5 mM ATP. When necessary, 1.5 μM concanamycin A1 in 0.1%
dimethyl sulfoxide was added to the assay mixture. For detection of
the effect of glucose on V-ATPase assembly, spheroplasts obtained in
Medium I containing 0.5% glucose were washed and incubated in
Medium II (adjusted to pH 5.0) with or without 2% glucose at 30 °C for
15 min, and then used for the preparation of vacuolar vesicles.
2.3. Immunochemical procedures
Cells (1×108) were incubated at 30 °C or 37 °C for 15 min, or at
37 °C for 15 min followed by a further 15 min at 30 °C. They were ﬁxed
with 3.7% formaldehyde at room temperature overnight [22]. Fixed
cells were incubated with a monoclonal antibody, 10D7, against
subunit a (Vph1p), and then stained with ﬂuorescein isothiocyanate-
conjugated anti-mouse IgG.
An immunoprecipitate was obtained from the solubilized cell
lysate or vacuolar vesicles as previously described with minor
modiﬁcations [23–25]. Brieﬂy, spheroplasts were incubated for
20 min in YEPD medium (pH 5.0 or pH 7.5) at indicated temperatures
(30 °C or 37 °C), and then lysed and cross-linked in phosphate-buffered saline (pH 7.3) containing 1 mM EDTA, 1% C12E9, 1 mM
dithiobis(succinimidylpropionate), 1 mM phenymethane-sulfonyl
ﬂuoride and a protease inhibitor cocktail (added following the
manufacturer's recommendation). After elimination of the non-spe-
ciﬁc binding to protein A-Sepharose beads (Pharmacia Biosciences),
the supernatant was added to 500 μl of the above solution containing
the monoclonal antibody and 200 μg/ml bovine serum albumin but
without C12E9 and dithiobis. After 1 hour incubation, Protein
A-Sepharose was added to the solution, followed by incubation for
1 h at the respective temperature and extensive washing. Protein
fractions eluted from the beads were subjected to gel electrophoresis,
and V-ATPase subunits were detected by Western blotting. Vacuolar
vesicles were also incubated with 1% C12E9 for 15 min for
immunochemical analysis. V-ATPase complexes were precipitated
with the monoclonal antibody against subunit A, and subunits a, A, B
and E were detected as described below. To prevent re-association of
Vo and V1, samples were kept at indicated temperature during the
immunochemical procedure.
2.4. Other procedures and materials
Protein concentrations were estimated by means of BCA Protein
Assay from Pierce. Samples dissolved in cracking buffer [26] were
subjected to polyacrylamide gel electrophoresis (10% acrylamide) and
Western blotting with several antibodies, as described below. Cells
stained with ﬂuorescent probes were observed with a Zeiss LSM510
Control Imaging System. Monoclonal antibodies against V-ATPase
subunits (anti-subunit a, 10D7; anti-subunit A, 8B1; and anti-subunit
B, 13D11) and myc epitope (9E10) were obtained from Molecular
Probes and Sigma, respectively. The protease inhibitor cocktail was
from Roche. The FITC conjugated anti-mouse IgG was from Vector
Laboratory. All other chemicals used were of the highest grade
commercially available.
3. Results
3.1. Temperature-sensitive defect of mouse E1/yeast hybrid V-ATPase
As one of the V-ATPase subunit mutants [2,5], S. cerevisiae cells
lacking the VMA4 gene for subunit E (Δvma4 cells) could grow at pH 5.0,
but not at pH 7.5 [12]. Obviously, thewild-type could grow at either pH.
We have previously observed that Δvma4 cells harboring a plasmid
encoding testis-speciﬁc isoform E1 [Δvma4 (E1) cells] exhibited growth
in pH 7.5 medium at 30 °C, but not at 37 °C. On the other hand, Δvma4
cells with E2 [Δvma4 (E2)] or authentic yeast E [Δvma4 (VMA4)] did not
show such a phenotype. Thus, Δvma4 (E1) cells were similar to
wild-type and Δvma4 cells at 30 °C and 37 °C, respectively. The growth
phenotype of Δvma4 (E1) may be due to the temperature-sensitive
energy coupling between ATPase and proton transport of the mouse
E1/yeast hybrid V-ATPase [12], although other possibilities remain to
be studied. Studies on the alteredproperties of the hybrid V-ATPasemay
contribute to understanding of the role of the E subunit.
We ﬁrst addressed to the kinetics and reversibility of the tempera-
ture-sensitive pH change of vacuoles having hybrid V-ATPases, and
examined their acidiﬁcation in vivo using quinacrine, a lipophilic
ﬂuorescent amine [27]. This ﬂuorescent dye can cross membranes in
its uncharged form, but is retained once protonated in acidic compart-
ments. The dye was accumulated into the vacuoles of Δvma4 (VMA4)
cells expressing Vma4pat 30 °C or 37 °C, and those ofΔvma4 (E1) cells at
30 °C (Fig.1). The dyewasnot visible inΔvma4 (E1) vacuoles at 37 °C, but
accumulatedwithin 15min after shifting of themedium temperature to
30 °C (Fig. 1, 37 °C→30 °C). These results suggested that the proton
pumping of E1/yeast hybrid V-ATPase was apparently defective at 37°
and became reversibly active at 30 °C in vivo.
Next, we studied the time course of the loss of proton pumping by
the hybrid V-ATPase. When vacuole vesicles from Δvma4 (E1) cells
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decreased signiﬁcantly within 5 min, and became virtually undetect-
able in 15 min (Fig. 2, left). However, the proton gradient was
recovered to more than half of the original level upon shifting to 30 °C
(Fig. 2, left, 37 °C→30 °C). These results indicate that the effect of non-
permissive temperature is reversible, and assembly was recovered
rapidly after temperature shift to 30 °C. Loss of the proton gradientFig. 3. Temperature- and pH-dependent antibody accessibility to the subunit a epitope in Δvm
cells were suspended in YEPDmedium (A, pH 5.0; B, pH 7.5), and then incubated for 15 min a
37 °C for 15 min in pH 7.5 medium, followed by 15 min at 30 °C (37°→30°). The control [Δ
inserted. All cells were ﬁxed overnight with 3.7% formaldehyde, and then subjected to immun
ﬂuorescent images (odd numbered panels) are shown together with Nomarski ones (even nwas not observed with the vesicles expressing V-ATPase with yeast E
(Vma4p) (Fig. 2, right) or mouse E2 (Ref. [12] and data not shown).
3.2. Temperature-dependent exposure of the Vo subunit a epitope
The effect of temperature on the hybrid V-ATPase was of interest
and prompted further analysis. We examined V1/Vo assembly using ana4 cells expressing the mouse E1/yeast hybrid V-ATPase. Δvma4 (E1) or Δvma4 (VMA4)
t 30 °C or 37 °C. They were also incubated in the presence of 100 μg/ml cycloheximide at
vma4 (vector)] was Δvma4 cells harboring the vector without E1 cDNA or VMA4 DNA
ohistochemistry using monoclonal antibody 10D7 against yeast subunit a (Vph1p), and
umbered panels).
Fig. 4. Effects of temperature and pH on mouse E1/yeast hybrid V-ATPase assembly. (A)
Presence of V-ATPase in a detergent solubilized cell lysate. Spheroplasts were incubated
for 20min at indicated temperatures, and lysed in phosphate-buffered saline containing
1% C12E9, 1 mM dithiobis(succinimidylpropionate), and a protease inhibitor mixture.
The V-ATPase solubilized was immunoprecipitated with the antibody against subunit A.
After gel electrophoresis of the precipitate, subunits a, A, and B were detected with the
corresponding antibodies. (B) Presence of V-ATPase in vacuolar vesicles. Vacuolar
vesicles were prepared from Δvma4 (E1) cells and Δvma4 (VMA4) cells incubated for
15 min at 30 °C or 37 °C, or fromΔvma4 (E1) cells incubated for 15 min at 37 °C and then
further for 15 min at 30 °C (37°→30°). V-ATPases solubilized from the vacuoles were
incubated with the antibody against subunit A. Immunoprecipitates were subjected to
gel electrophoresis, followed byWestern blotting with antibodies against subunits A, B,
a, and E1 or Vma4p (anti-myc), respectively. The corresponding amounts of vacuole
vesicles before immunoprecipitation are shown as controls (I).
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exposed when V1 is dissociated from the Vo sector [17]. Naturally, the
antibody did not stain vacuoles of control normal yeast cells. However,
it recognized the epitope in Δvma4 cells lacking subunit E [Δvma4
(vector)] because the V1 sector was not assembled with Vo (Fig. 3A,
panels 1–4, and Fig. 3B, panels 1 and 2).
The same antibody did not stain vacuoles of Δvma4 (VMA4) cells
grown at either ≤30 °C or 37 °C in pH 5.0 or 7.5 medium (Fig. 3A and B)
because the authentic yeast E subunit (Vma4p) was expressed, and V1
was assembled with Vo. Essentially the same results were obtained
with Δvma4 (E1) cells grown at pH 5.0 (37 °C or 30 °C) (Fig. 3A) or pH
7.5 (30 °C) (Fig. 3B), indicating that the V-ATPase was assembled
normally, and epitopes were not exposed under these conditions.
However, the antibody clearly stained vacuoles of Δvma4 (E1) cells
incubated at 37 °C in the pH 7.5 medium (Fig. 3B, panels 5 and 6), but
could not stain the same cells upon shifting of the temperature to
30 °C in the presence or absence of 100 μg/ml cycloheximide (Fig. 3B,
panels 7 and 8). Thus, the subunit a epitope, once exposed at 37 °C,
became inaccessible at 30 °C without de novo protein synthesis. These
results suggest that VoV1 altered its assembly by exposing subunit a
epitope at 37 °C in the pH 7.5 medium.
3.3. Association of Vo and V1 in mouse E1/yeast hybrid V-ATPase
To examine whether V1 sector completely dissociates from Vo in
hybrid V-ATPase at 37 °C, the hybrid was studied immunochemically
after solubilization from a Δvma4 (E1) cell lysate in a buffer containing
a detergent. The enzyme precipitatedwith the anti-subunit A antibody
contained both Vo and V1 subunits (a and B, respectively), regardless of
the incubation temperature (30 °C or 37 °C) or the medium pH (pH 5.0
or 7.5) (Fig. 4A). Similar results were obtained with the enzyme
solubilized from vacuolar vesicles (Fig. 4B); the E1/yeast hybrid and
control yeast V-ATPases contained both V1 (A, B, E1 or Vma4p) and Vo
(a) subunits. These results suggested that the V1 and Vo sectors of the
hybrid V-ATPase were associated, even when the subunit a epitope
was exposed to the antibody at 37 °C in the pH 7.5 medium (Fig. 3).
As a control, Δvma4 (VMA4) cells were cultured in pH 7.5 medium
without glucose, and a lysate of themwas incubated with a detergent.
Subunit a was not found in the immunoprecipitate with the anti-
subunit A antibody (Fig. 4A, lanes 7 and 8), indicating that V1 was
dissociated from Vo upon glucose depletion [7]. Thus, the assembly
change of the mouse E1/yeast hybrid V-ATPase is clearly different
from the dissociation of the two sectors.
3.4. Domain of E1 affecting the assembly of V-ATPase
To determine the domain of E1 isoforms affecting the assembly,
genes encoding a series of chimeric Vma4p and E1 subunits were
constructed, and transformed into Δvma4 cells. The Δvma4 cells
harboring the plasmid for VMA4, E1/VMA4-1, E1/VMA4-3, or E1/
VMA4-6 could grow at 37 °C in the pH 7.5 medium. On the other hand,
those harboring the plasmid for E1/VMA4-2, E1/VMA4-4, or
E1/VMA4-5 could not grow, similar to the Δvma4 (E1) cells at 37 °C
in the pH 7.5 medium (Fig. 5A). Consistent with their growth
phenotypes, vacuolar vesicles from these cells could not form an
electrochemical proton gradient at 37 °C (Fig. 5B). These cells had an
E1 cDNA fragment between Lys26 and Val83 (E1 numbering) (Fig. 5C),
indicating that this domain is responsible for the negative growth andFig. 5. Region of subunit E responsible for the temperature-sensitive assembly changes in Δ
plasmids for chimeric E subunits were introduced into Δvma4 cells: mouse E1, dark region;
serially diluted 5-fold, and the diluted cultures were spotted on to a YPED (pH 5.0 or 7.5) plate
and E2/VMA4-2) encoding mouse E2 (gray region) and VMA4 (light region) were also cons
follow the E1 numbering. (B) Formation of an electrochemical proton gradient in vesicles fro
nomenclature for the chimeric E subunits being shown in A. Other conditions were as desc
sequences of mouse isoforms E1 and E2 were aligned together with that of yeast Vma4p usi
boxed region (Lys26–Val83) is that responsible for the assembly property of the E1 isoformdefective proton transport due to the assembly change. The same
region of the yeast E subunit (Vma4p) did not give such a phenotype
(Fig. 5A and B). Furthermore, the Δvma4 cells with E2/VMA4-2
encoding the chimeric subunit of Vma4p and E2 exhibited positive
growth (Fig. 5A, bottom), and formed an electrochemical proton
gradient (data not shown). These results conﬁrmed that the E2
domain (in E2/VMA4-2 chimera) corresponding to between Lys26 and
Val83 of E1 has no effect on the assembly of the V-ATPase.
3.5. Effects of glucose on the hybrid V-ATPase
As described above, the subunit a epitope of the hybrid V-ATPase
was exposed at 37 °C in the pH 7.5 but not in pH 5.0 medium. Thus, it
became of interest to determine whether the glucose-dependent V1
dissociation from the hybrid is dependent on the medium pH. When
control Δvma4 (VMA4) cells were incubated in the medium without
glucose, V-ATPase became dissociated, as shown immunochemically
(Fig. 6A, VMA4). Furthermore, the amounts of V1 subunits A, B, and Evma4 cells. (A) Effects of chimeric E subunits on Δvma4 cell growth. The recombinant
VMA4, light region. Individual Δvma4 cells (2×104 cells) grown to the log phase were
. Growth was recorded after 48 h at 30 °C or 37 °C. Similarly, chimeric genes (E2/VMA4-1
tructed, and introduced into Δvma4 cells. Residue numbers indicated (see closed box)
m Δvma4 cells carrying chimeric E subunits. The assay temperatures are indicated, the
ribed in Fig. 2. (C) Alignment of the amino acid sequences of different E subunits. The
ng the program ClustalW. Identical residues are highlighted (shaded residues), and the
.
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Vo subunit awas maintained (Fig. 6B, VMA4). These results conﬁrmed
that V1 became dissociated from Vo upon glucose depletion [17],
regardless of the medium pH.Essentially the same results were obtained with the hybrid
V-ATPase in Δvma4 (E1) cells grown in the pH 7.5 medium
(Fig. 6A, E1). However, when the Δvma4 (E1) cells were incubated
at pH 5.0 with or without glucose, subunit a was detectable in the
Fig. 6. Glucose-independent assembly of the mouse E1/yeast hybrid ATPase. (A)
Presence of V-ATPase in vacuoles derived from glucose-depleted cells. Spheroplasts of
Δvma4 (VMA4) or Δvma4 (E1) cells were incubated at 30 °C for 20 min in YEP medium
(pH 5.0 or 7.5) with (+) or without (-) glucose, and then the V-ATPase was solubilized.
The V-ATPase precipitated with an antibody against subunit A was subjected to gel
electrophoresis. Subunit a was detected by immunoblotting with the corresponding
antibody. (B) Presence of V-ATPase in vacuoles derived from glucose-depleted cells.
Spheroplasts of Δvma4 (VMA4) cells or Δvma4 (E1) cells were incubated at 30 °C for
20min in YEP (pH 5.0) containing 0.8M sorbitol with (+) or without (−) glucose. Vacuole
vesicles (V) were prepared, and then subjected to gel electrophoresis together with a
lysate (L). V-ATPase subunits were detected using antibodies against subunits a, A, B,
and E (anti-myc). (C) Formation of an electrochemical proton gradient in vacuoles.
Vacuole vesicles (10 μg protein/1.5 ml) were prepared from Δvma4 (VMA4) or Δvma4
(E1) cells incubated with or without glucose (gray line, −glucose; dense line, +glucose).
The formation of an electrochemical proton gradient was assayed at 30° as described in
Fig. 2. ATP and NH4Cl were added when indicated.
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found in their vacuoles (Fig. 6B, E1). These vacuoles could form an
electrochemical proton gradient depending on ATP hydrolysis,
whereas those from Δvma4 (VMA4) cells showed a signiﬁcantly
reduced level (Fig. 6C). These results suggest that most of the
mouse E1/yeast hybrid V-ATPase was not dissociated into V1 and
Vo after glucose depletion in the pH 5.0 medium.
4. Discussion
Organelle or cell-speciﬁc isoforms have been identiﬁed for subunits
B, C, E, G, a, and d, consistent with diverse physiological roles of
mammalian V-ATPase [1–5,7]. The isoformsmay affect energy coupling
between catalysis and proton transport, and also may determine thelocalization to speciﬁc lumenal acidic compartments. Of these isoforms,
subunit a may determine the localization of V-ATPase, since a2 was
found in early endosomes [28], a3 in osteoclast plasmamembranes [29],
and a3 in endocrine cells [30,31]. Subunit a2 was shown to recruit
GDP/GTP exchange factor ARNO (ADP-ribosylation factor nucleotide site
opener) for transport vesicle formation [28]. The subunits in the stalk
domain may also affect V-ATPase localization. It should be emphasized
that the properties of the isoforms could not be easily analyzed because
the V-ATPasewith different isoforms is present in the samemammalian
cells. However, their roles could be elucidated by analyzing hybrid
V-ATPases comprising mammalian and yeast subunits, examples being
the low proton transport and high Km of yeast hybrid V-ATPases
assembled with mouse C2-a or C2-b isoforms [13].
The mouse E1/yeast hybrid V-ATPase showed apparent uncoupling
between ATPase and proton transport at 37 °C, although it was active
at lower temperature [12]. We observed in this study that the
temperature-dependent proton transport activities and subunit
interactions were reversible, and V1 was associated with Vo even at
37 °C. The subunit a (Vph1p) epitope became exposed to the
corresponding antibody when Δvma4 (E1) cells were incubated at
37 °C in pH 7.5 medium, but not in pH 5.0 medium. Upon a
temperature shift to b30 °C, the epitope became inaccessible almost
immediately, and the V-ATPase regained the ability to form an
electrochemical proton gradient. Immunoprecipitation study revealed
that V1 and Vo were associated even at non-permissive temperature,
consistent with rapid recovery of proton pumping upon shift to lower
temperature. These results suggest that the hybrid enzyme showed
altered subunit assembly in response to the higher temperature, but
still remained assembled at 37 °C, in contrast to the dissociation of V1
and Vo caused by glucose depletion [17]. As described above, exposure
of subunit a epitope was clearly correlated with defective proton
transport activity at 37 °C, and quick recovery at 30 °C. Effects of pH
were also consistent with these results, suggesting that the defect in
proton pumping of hybrid V-ATPase is due to altered assembly.
Analysis of the E1/Vma4p chimeric subunit indicated that the E1
domain between Lys26 and Val83 is responsible for the altered
assembly of the hybrid V-ATPase. Eight residues are different between
the E1 and E2 domains, suggesting that they are pertinent as to the
interactions with other subunit(s) in the stalk and membrane
domains. The importance of the amino terminus of Vma4p was also
suggested for binding of the G subunit [35,36], and for interaction
with subunits C [37] and H [38].
The role of subunit E in assembly is supported by the interactions
with multiple subunits; subunit E is an elongated protein extending
from the top of V1 including the subunit B to Vo domains [33,34], and
in the close proximity to stalk subunits C, H and G [35]. Subunit Emay
play a regulatory role, by interacting with the glycolytic enzyme
aldolase [39,40]. The RAVE (regulator of the H+-ATPase of vacuolar and
endosomal membranes) complex was shown to associate with
V1 released from V-ATPase [41]. This interaction was inhibited for V1
lacking E or G. The present study clearly supported the role of
subunit E in V-ATPase assembly.
As described above, the accessibility of the subunit a epitope
and glucose-sensitive dissociation of the hybrid V-ATPase were
dependent on the medium pH. In this regard, the effect of the
medium pH on the vacuolar lumen was observed previously [32].
The vacuolar lumen of Δvma4 (E1) was less acidic than that of
Δvma4 (VMA4), as shown above by staining with quinacrine.
Consistently, the E1/yeast hybrid V-ATPase formed a slightly lower
electrochemical gradient than the yeast V-ATPase. Effects of pH on
V-ATPase assembly were also shown: functional association of V1
and Vo in vitro is strongly dependent on pH (optimum, 5.5) [24],
and their glucose-dependent dissociation in vivo is inhibited by the
increase in lumenal pH caused by chloroquine [23]. Thus, the
present results suggest that the medium affected the vacuolar pH,
which regulated the assembly of the E1/yeast hybrid ATPase.
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